We studied the Persian onager (Equus hemionus onager), an endangered equid subspecies. The objective was to characterize endocrine patterns and ovarian follicular dynamics of females as well as seminal traits and sperm sensitivity to cryopreservation in males as a prerequisite to testing the feasibility of artificial insemination (AI). Urinary progesterone and estrogen metabolite profiles were determined by enzyme immunoassay in 11 females. Serial ultrasonography of ovarian activity was performed for 2 mo in a subset of four females. Females were seasonally polyestrous (June-November). Ovarian morphometry via ultrasonography and urinary progesterone profiles were more reflective of reproductive events than urinary estrogen patterns, and preovulatory follicle size was smaller than reported for other equid species. There was evidence for lactational suppression of estrus for up to 1.5 yr in nursing dams. Electroejaculation allowed recovery of highly motile sperm from 7, anesthetized males on 57% of occasions. Spermatozoa, including motility and acrosomal integrity, were resilient to freeze-thawing. Artificial insemination was successful in 2 of 3 females following detection of a dominant follicle and deslorelin administration, resulting in births of a healthy female and male foal by using fresh/chilled and frozen/thawed sperm, respectively.
INTRODUCTION
Although there is substantial scientific knowledge about the domestic horse, there is a lack of fundamental information about the reproductive physiology of most wild equids. There are seven extant species in the Equidae family [1] and only a few published reproductive studies, including those for the Grévy's zebra (Equus grevyi) [2] , mountain zebra (Equus zebra) [3, 4] , plains zebra (Equus burchellii) [5, 6] , and Przewalski's horse (Equus ferus przewalski) [7] [8] [9] . The reproductive physiology of wild asses (three species; eight subspecies [10] ) has been largely ignored. We have been interested in a subspecies of Asiatic wild ass, the onager (Equus hemionus onager), whose historically vast habitat once extended from Saudi Arabia to Mongolia and China [11] . Since the late 1800s, this animal's range has been reduced to small, protected pockets in Iran (with as few as 600 free-living individuals), as well as small populations reintroduced in Israel and Jordan [11] . The onager is listed as endangered by the International Union for Conservation of Nature (IUCN) and is severely threatened by habitat loss, poaching for meat, and competition with livestock for food resources [1, 10] . This subspecies is not protected with a viable ex situ population. There only are ;100 onagers in North America and Europe, scattered among geographically disparate zoological institutions [12, 13] .
Our long-term aim is to increase the number of Persian onagers to create an ex situ ''insurance'' population against unforeseen catastrophes that might affect the few remaining animals left in nature. The two challenges are the paucity of data for fundamental reproductive physiology of both genders of the subspecies and the isolated pockets of individuals or small groups that must be reproductively managed to avoid inbreeding [14] [15] [16] [17] . The present study dealt with both issues, first by assessing seasonal endocrinology and ovarian morphology of the female as well as sperm quality and cryosensitivity of males. We predicted that findings would be critical for addressing the second challenge of determining the feasibility of artificial insemination (AI) with fresh/chilled or frozen-thawed spermatozoa. The ability to use AI effectively with stored sperm would be useful for transporting germplasm between different institutions managing the subspecies, thereby ensuring heterozygosity and long-term population viability.
Artificial insemination is commonly applied in the domestic horse and donkey, using semen recovered by an artificial vagina and deposited within the uterus near the time of ovulation [18] . Cyclic activity in the female has long been understood based on circulating steroid hormone patterns and ultrasonographic monitoring of ovaries [19] [20] [21] . There are one to two waves of follicular development and atresia [22] in these monovulatory species, as well as a prolonged luteinizing hormone rise with peak concentrations often detected postovulation [23] . Domestic horse spermatozoa withstand chilling and freeze-thawing, although viability varies among individuals and can be cryodiluent-specific [24, 25] . Still, thawed horse sperm used for AI can result in 30%-60% rate of pregnancy success [25, 26] . Efficiency is less in the domesticated donkey using thawed spermatozoa (20%-50% success) perhaps due to hypersensitivity to the cryoprotectant glycerol [26] [27] [28] . Supplementing the cryopreservation medium with L-glutamine while reducing glycerol to ,1% before AI has been shown to improve pregnancy success in the donkey [27, 29] .
It is well established that an assisted reproduction protocol that is effective for one species is not necessarily relevant or applicable to another, even in the same taxonomic family [30, 31] . This is because of unique morphological and physiological differences among species, as well as the difficulties of applying domestic animal handling procedures to wild, nontractable counterparts. Therefore, our objective was to understand the essential elements of the reproductive physiology of the Persian onager and then to apply this fundamental information to producing living young by AI. We were interested in determining whether basic knowledge about endocrine patterns and ovarian follicular dynamics in females and seminal traits and sperm sensitivity to cryopreservation in males would provide adequate information to test the efficacy of AI. Our study was novel and possible for this obstinate equid because of our facilities' specialized chutes and restraint devices, our significant reliance on noninvasive monitoring of hormone metabolites [8, 9] , and our experience collecting semen from other (anesthetized) wild equids [7] . We predict that if indeed AI proves successful in the Persian onager, then the large scale distribution and use of frozen semen across holding institutions could more rapidly help develop a sustainable population to conserve subspecies integrity.
MATERIALS AND METHODS

Animals
First, we generated basic information about life history traits for the Persian onager by reviewing the North American Regional Studbook (composed of historical data for 334 individuals) [12] . We extracted information about life span, age of first foaling, foaling interval, sex ratio at birth, number of foals produced per female, and prevalence of twin births.
All research protocols were approved by the Animal Care and Use Committee at both the Smithsonian Conservation Biology Institute (SCBI) and the Wilds. At investigation onset, there were 23 Persian onagers (11 males; 12 females) in accredited North American zoos [32] . Our study included 18 (78%) of these, 7 males (age, 2-19 yr) and 11 females (5 mo-24 yr), of which 3 were prepubertal, 3 were parous, and 5 were multiparous. All onagers were maintained at the Wilds (n ¼ 15) near Cumberland, Ohio (38.828 W, 81.758 N) or SCBI (n ¼ 3) near Front Royal, Virginia (38.888 W, 78 .178 N). Males were housed individually in barn stalls with adjacent paddocks (0.1-0.4 hectares). Females were maintained in groups of 2-10 animals (enclosures, 0.2-48.5 hectares). All animals grazed seasonally available pasture forage ad libitum, but diets were supplemented with grass hay (;4 kg/animal/day) and herbivore pellets (product no. 5Z23; 0.45 kg/animal/day; Mazuri) during winter months.
Urine Collection
Urine samples were collected from females at various intervals over 3 yr, scheduled largely to meet study objectives and to accommodate male-female pairing for breeding. Individual samples were collected 3-7 days/wk per female as described previously [9] for an average (6 standard error of the mean [SEM]) of 17.3 6 1.6 mo (range, 12-30 mo), with the exception of two females that were sampled for 3.7 and 8.6 mo, respectively. Briefly, females were observed in the morning from 0800 to 1200 h, and freshly voided urine was aspirated immediately from the ground with a clean syringe and protected from sunlight. After samples were transported to the laboratory, a 5-ml urine aliquot was centrifuged at 1500 3 g (15 min at room temperature) to remove debris, and the supernatant was decanted and stored in individually labeled 12-3 75-mm polypropylene tubes (A. Daigger & Co.) at À208C until analyzed for hormone content. A total of 3086 urine samples were recovered and analyzed (range, 128-555/female).
Hormone Analysis
To adjust for water content in urine, hormone mass was indexed by creatinine (Crt) concentration and expressed as ng/mg Crt [33, 34] . To determine estrone conjugate metabolite concentrations, urine was diluted (1:20-1:50 for ''nonpregnant'' samples; 1:1000-1:7500 for pregnant samples) in PBS and assayed in duplicate using an established enzyme immunoassay [35] . The antiserum (code R522; Coralie Munro) is known to cross-react with estrone-3-glucuronide (100%), estradiol-3-sulfate (66.6%), estrone (238%), estradiol-17b (7.8%), estradiol-3-glucuronide (3.8%), and estradiol-3-sulfate (3.3%). Sensitivity of the assay was 3.9 pg/ml, and inter-and intra-assay coefficients of variation for internal controls averaged 14.7% and ,10%, respectively. Serially diluted urine demonstrated displacement curves parallel to the standard curve. Recovery of hormone from urine spiked with 3 and 25 pg/well of standard averaged .90%.
To determine progestogen metabolite concentrations (hereafter referred to as progesterone), we diluted urine (1:125-1:400 nonpregnant; 1:2000-1:24 000 pregnant) in PBS and analyzed samples in duplicate, using an enzyme immunoassay as previously described [35] . The antiserum (CL425, Coralie Munro) cross-reacts with 4-pregnen-3, 20-dione (100%), 4-pregnen-3a-ol-20-one (188%), 4-pregnen-3b-ol-20-one (172%), 4-pregnen-11a-ol-3, 20-dione (147%), 5a-pregnan-3b-ol-20-one (94%), 5a-pregnan-3b, 20-dione (64%), 5a-pregnan-3, 20-dione (55%), 5b-pregnan-3b-ol-20-one (12.5%), 5-pregnan-3, 20-dione (8%), 4-pregnen-11b-ol-3, 20-dione (2.7%), and 5b-pregnan-3a-ol-20-one (2.5%). Sensitivity of the assay was 39 pg/ml, and the inter-and intraassay coefficients of variation for internal controls averaged 13.1% and ,10.0%, respectively. Serially diluted urine demonstrated displacement parallel to that of the standard curve. Recovery of hormone from urine spiked with 3 or 100 pg/well of standard averaged .90%.
Ultrasonography
Transrectal ultrasonographic evaluations of the reproductive tract were performed 3 days/wk for 8 wks in 4 females in 2007 (studbook numbers [SB#] 531, 601, 747, 686; August 27-October 21) and 2 females in 2008 (SB# 399, 804; June 28-August 25). Additional examinations (range, 7-12 per female) were performed in 2009 for 3 females (SB# 601, 755, 804) in an AI trial. These ''hands-on'' evaluations were facilitated by having a specialized restraint system. Each onager was guided from an enclosure through a chute into a padded, hydraulic restraint device (Fauna Research Inc.), the walls of the device closed, and the animal was elevated ;15 cm above the ground. This minimized movement to allow transrectal palpation and insertion of a standard 5-MHz linear ultrasound probe ( model 500; Aloka America) to examine the uterus and ovaries. The duration of examination, from the female entering the chute to leaving the restraint device, averaged 6 min (range, 3-10 min). Presence of ovarian structures, specifically number and size of normal and aberrant appearing follicles, fresh ovulation sites, and corpora lutea (CL) were recorded.
Semen Collection, Evaluation, and Processing
Semen was collected by electroejaculation as described previously [36] . There were 20 semen collection attempts in 7 males (range, 1-6/male) distributed across seasons: winter (January-March, n ¼ 5), spring (April-June, n ¼ 7), summer (July-September, n ¼ 6); and autumn (October-December, n ¼ 2). Each collection involved induction of a surgical plane of anesthesia by using a combination of etorphine hydrochloride (5 mg i.m.; product M99; Wildlife Pharmaceuticals,), detomidine hydrochloride (15 mg i.m.; Dormosedan, Orion Corp.), and ketamine hydrochloride (50 mg i.m.; Ketaved, Phoenix Scientific) with maintenance using guaifenesin (50 mg/ml; 100-200 ml i.v. drip; guaifenesin injection; Phoenix Scientific) and 1%-2% isoflurane (Forane; Baxter Health Care) delivered via an endotracheal tube. A sine wave 102 electrostimulator (AC, 60 Hz) and a Teflon rectal probe (5.6-cm diameter; PT Electronics) were used to administer stimuli in a 3-sec on-off, incrementally increasing (2-to 6-V) pattern in two to three series of 30 stimuli each. Series were separated by 5-min rest intervals, at which time recovered semen was assessed. Using a modified domestic horse technique [37] and an approach used in our laboratory for another wild equid [7] , we used calipers to measure testicular length, and ultrasonography was used to determine width and height followed by conversion to individual testis volume for each male.
For each electroejaculate, each collection series was handled separately, with the amount of fluid measured volumetrically and pH tested using a colorimetric strip (P4536; Sigma Aldrich Corp.). Osmolality was determined by placing a 5-mm filter saturated with 10 ll of raw ejaculate into a calibrated vapor pressure osmometer (Wescor Inc.). A 40-ll aliquot of raw ejaculate was fixed in 400 ll of 0.4% glutaraldehyde and stored at 48C until assessed later for morphological detail. The latter procedure involved examining 200 spermatozoa per ejaculate via phase contrast microscopy (magnification 10003; model BX40; Olympus Corp) for normal structure or for head, midpiece, or flagellar deformities, including presence of a proximal or distal cytoplasmic droplet [38] .
Within 5 min of collection, semen from each electroejaculate series was diluted (1:3) with a prewarmed (378C) medium (INRA96 medium; IMV Technologies). Two types of sperm motility (total motility [estimated total SCHOOK ET AL.
percentage of motile sperm] and progressive motility [percentage of sperm moving in a rapid, straightforward direction] [39] ) were evaluated subjectively immediately after dilution, using brightfield microscopy (BX40; magnification 2003-4003; Olympus) and scored on a scale of 0%-100%. A 20-ll aliquot of diluted (1:200) semen and a hemocytometer were used to calculate sperm concentration per ml and total sperm per ejaculate (sperm concentration/ml x total volume of ejaculate) [38] .
Within a given male, electroejaculate samples that were spermic with .50% total sperm motility were combined and used to evaluate sensitivity to cryopreservation. Based on preliminary data (not shown), our test cryodiluent was an equine sperm freezing medium (EQ [40] ) composed of 20% egg yolk, 5.5% lactose, 1.5% glucose, 0.25% sodium triethanolamine lauryl sulfate, and 4% glycerol. For each male, diluted ejaculate from the different series was first combined and then divided into two equal aliquots, followed by centrifugation (500 x g; 15 min) to remove seminal plasma. Resulting sperm pellets were resuspended in EQ in the absence or presence of 80 mmol of L-glutamine (G8540; Sigma-Aldrich) at a final concentration of 200 3 10 6 spermatozoa/ml [27] . Sperm suspensions were pipetted into 0.5-ml plastic straws (Veterinary Concepts Inc.) that were heat-sealed (Impulse Sealer, Mid-Atlantic Packaging) and then placed in a 500-ml polypropylene container of water (228C-258C), which, in turn, was placed in ice water (58C; to the top level of the beaker) for ;2 h. Straws then were frozen by horizontal placement at 4 cm above liquid nitrogen on a metal rack in a polystyrene cooler. Straws remained in the covered cooler for 10 min before being plunged into liquid nitrogen. Seven ejaculates were cryopreserved (146 straws, total; range, 2-68 straws/ejaculate). Two straws from each of three males were used to evaluate the impact of postthaw incubation temperature and management on sperm motility and acrosomal integrity. These straws for a given male were placed in a 378C water bath for 30 sec and then combined into a 1.5 ml polypropylene centrifuge tube (Fisher Scientific). Each thawed sample then was divided into two aliquots. One aliquot was maintained at room temperature, while the other was incubated in the dark at 378C in the original freezing medium. Ten-microliter aliquots were examined at 0, 30, 60, 90, 120, 180 min, and 24 h after thawing, for total and progressive sperm motility. At each time point, a 15-ll aliquot was fixed in 4% paraformaldehyde solution (0.5 ml) for later evaluation of acrosomal integrity with Coomassie blue staining [41] .
Testing Biological Viability of Frozen-Thawed Sperm
The three females selected for the AI trial during the breeding season (June-September 2009) and the respective sperm donors were identified on the basis of breeding recommendations from the Regional Population Management Plan [12] . To minimize animal stress, we limited ultrasonography to three total evaluations. By contrast, there was significant reliance on urinary ovarian steroid metabolite profiling (as described above) to ensure that females were cycling. Inseminations then were planned for the second reproductive cycle within the breeding season, with ovulation predicted from the onset of decline in urinary progesterone from the first cycle. Ultrasonography was initiated 48 h after progesterone reached baseline and was then repeated every 48 to 72 h until a preovulatory follicle was detected. Once one or more antral follicles (.15 mm diameter) were discovered, ovaries were reexamined 24 h later and found to have a dominant follicle (20-25 mm). Each female was injected i.m. immediately with 1.5 mg of deslorelin (BioRelease; BetPharm) to induce ovulation.
Spermatozoa were collected and processed from 3 males (as described above) to produce inseminates composed of only fresh (extended to 50 3 10 6 total spermatozoa/ml INRA96 and maintained at ambient temperature), chilled (at 58C), or frozen-thawed ejaculate (Table 1) . For the chilled inseminate, fresh ejaculate was extended in INRA96 to a concentration of 50 3 10 6 total spermatozoa/ml. A total of 20 ml of the extended semen was divided equally into two 15-ml polypropylene tubes placed in a passive cooling device (Equitainer II; Hamilton Research Inc.) and chilled to 58C according to the manufacturer's instructions [42, 43] . The chilled sperm remained in the cooling device for 24 h until insemination. For AI using cryopreserved spermatozoa, the frozen sample was thawed (as described above) immediately before scheduled insemination. Previous evidence from domestic donkey studies indicate that glycerol concentrations .1% are contraindicated in inseminated medium [26, 27] . Therefore, the 10 straws thawed for AI were diluted slowly 1:4 with INRA96 in a 15-ml polypropylene tube (Fisher Scientific), thereby reducing glycerol concentration to 1% and sperm density to 50 3 10 6 /ml. Total and progressive motility of each inseminate type was scored (from 0% to 100%) just before insemination.
One or two inseminations were conducted per female beginning 24 h after administration of deslorelin (Table 1) . Females were guided into the restraint device (as described above), and each was sedated in a standing position by injecting 0.05 mg/kg detomidine and 0.05 mg/kg butorphanol (i.m.). Ovaries were examined by ultrasonography to ensure presence of a dominant follicle (as described above), and the cervix was palpated to document adequate relaxation. The perineum was washed with mild soap (Ivory; Proctor & Gamble) and water. A sterile, flexible transcervical insemination pipette (57 cm; Universal Pipette; Minitube) was used as previously described for domestic equids [25] . Briefly, one end of the pipette was attached to a syringe containing the sperm suspension. The other was covered with a sterile, gloved finger and guided through the vagina to the cervical os and then through the cervix to ;5 cm, where the syringe content was deposited into the uterine body. The duration from the female entering the chute to leaving the restraint device post-AI was 5-10 min. Each female was reexamined using ultrasonography 24 h post-AI to confirm ovulation. In the case of female SB# 755, the follicle remained preovulatory at this time, so a second insemination was conducted. Urinary hormonal metabolites continued to be monitored for 72, 39, and 68 days postinsemination for females SB# 601, 755, and 804, respectively, while they were maintained in the small yards. Each inseminated female was then returned to the 48.5-hectare pasture that contained the resident onager herd (11 females, no males). These management conditions did not permit collecting more urine samples.
Data Analysis
Population analysis from North American Regional Studbook records included determination of means (6 standard deviation [SD]) for life span, age of first foaling, foaling interval, sex ratio at birth, number of foals produced per female, and prevalence of twin births (SigmaPlot version 11.0 software; Systat Software, Inc.). Life span between sexes was compared using a Student t-test (SigmaPlot). Baseline concentrations of urinary estrogen and progestogen metabolites for each female were calculated using an iterative process [44] . Briefly, data points exceeding 2 SD from the mean concentration of urinary estrone conjugates and progestogens, respectively, were removed. Averages were then recalculated, and the elimination process was repeated until no values exceeded the mean 6 2 SD. Urinary estrone conjugate and progestogen metabolite concentrations were considered elevated if sustained above baseline for 2 and 4 days, respectively. A luteal phase was calculated as the number of days progesterone was elevated above baseline. Peak hormone concentrations among females were compared by Student t-test. However, days of peak estrone conjugates and maximal progesterone metabolites were inconsistent among cycles and females (see Results). Thus, an estrous cycle was defined as the interval between the return to baseline progesterone after a luteal phase in two consecutive cycles (rather than by peak hormone concentration). Hormone data were presented as mean 6 SEM and graphed longitudinally using SigmaPlot software. To establish a composite estrous cycle, hormone profiles from seven cycling females were used. For composite timing of follicle growth, 
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only females with confirmed ovulation (as observed by ultrasonography) were used (n ¼ 4), with all data aligned to day of ovulation. Sperm data were presented as means 6 SEM. Sperm motility data were Box-Cox-transformed [45] to achieve an approximately normal distribution. General linear model analysis (SAS software; SAS Institute) was used to evaluate the influence of time, incubation temperature, and cryopreservation on postthaw sperm quality metrics while accounting for the effect of individual male. Comparisons between left and right testicular volumes were performed using a paired Student t-test. Acrosomal integrity data and sperm testicular volumes passed tests for normality (Shapiro-Wilk test; SigmaPlot). Post hoc comparisons among media, incubation temperatures, and pre-versus postcryopreservation effects were performed using a paired t-test when normally distributed (acrosomes) and otherwise by Wilcoxon signed rank test (motility).
RESULTS
Life and Reproductive Characteristics
Average life spans were not different (P . 0.05) between Persian onager males and females (13.3 6 8.6 yr; maximum, 31.6 yr). The mean age of a female giving birth to her first foal was 5.2 6 2.9 yr (range, 3-14.6 yr). Onager females continued to reproduce beyond mid-life, with the oldest female (included in our study) experiencing a successful parturition at 22 yr. More than 83% of births occurred from May through September, although births with offspring surviving .6 mo were reported for all months except March. The mean interval between consecutive births was 2.8 6 2.1 yr, although 37 of 180 foalings (20.6%) occurred from 11 to 13 mo apart. Parity per female ranged from 1 to 14 foals (mean, 3 6 3). Of the 255 foal births in the studbook, 137 (53.7%) were male and 118 (46.3%) were female offspring. There were four male twin births and one twin birth of unreported sex, but none of these 10 foals (3.9% of all births) survived beyond 24 h.
Endocrine and Ovarian Dynamics
Based on hormone metabolite patterns, 8 of 11 females had at least one estrous cycle during the study (range, 1-13 cycles/ female). Timing of ovulation was confirmed by ultrasonography in 4 adult (.2 yr) females (SB# 399, 601, 755, 804). Adequate numbers of urine samples were collected from 4 cycling females (SB# 601, 755, 804, 857) for at least 12 mo to determine evidence of seasonal cyclicity (see below). Three females (SB# 786, 782, 809) were 0.6, 1.0, and 1.7 yr of age, respectively, at study onset. Based on urinary hormone monitoring, these young females were acyclic at that time.
Adult onager females housed as a single sex group clearly displayed reproductive seasonality. Estrone conjugate and progesterone cyclicity were less prevalent (or completely absent) during some months (November-May) compared to others (June-October; representative females are shown in Fig.  1 ). In the 10 onagers that were monitored during the normally acyclic interval of November through May, evidence of cyclic activity (periodic rising and falling of excreted progesterone metabolites) occurred on only two occasions (in a single female).
Within the breeding season from June through October, we observed variable hormone dynamics in the 11 monitored females. Cycling onagers often ( Fig. 2A) , but not always (Fig.  2B) , produced a transient rise and fall in estrone conjugates prior to the more consistent rise and fall in urinary progesterone metabolites. However, it was common to observe elevated estrone conjugate during the luteal phase concurrent with increased progesterone production (Fig. 2, C and D) . These variable estrone conjugate excretion patterns were observed among females and within a given female over time. For this reason, most subsequent analysis focused on the more consistently rising and falling dynamics of progesterone rather than estrone conjugates.
Based on a repetitive increase and then decrease in excreted progesterone over time, 41 estrous cycles were detected in 8 females (range, 1-13 cycles/female). Progesterone metabolite excretion were increased three-to fourfold during a given cycle, with some females clearly producing higher (P , 0.001) peak progesterone (representative individuals shown in Fig. 2 , A and D) than others (Fig. 2, B and C) . The average luteal phase (i.e., number of days progesterone was elevated above baseline) lasted 15.1 6 0.3 days (range, 12-18 days among and within females). Based on urinary progesterone tracking only, the interovulatory interval averaged 25.1 6 0.6 days (range, 22-28 days). 
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An additional perspective of the onager ovarian cycle was created by layering sequential ultrasonography data (from 4 females) onto the average endocrine patterns (Fig. 3) . Three other females also were examined using ultrasonography, but none developed a dominant follicle. This likely occurred because 2 of these 3 females were lactating and the third was only 2 yr of age at the onset of evaluation. Regardless of individual or stage of reproductive cycle, it was common to detect multiple (2-5/ovary), small (,15 mm diameter) follicles on both ovaries, virtually all of which regressed before ovulation. In contrast, those follicles that eventually became dominant grew 2.1 6 0.3 mm per day (range, 1.3-2.6 mm) to reach a preovulatory size of 26.4 6 1.8 mm (range, 20-31 mm). Each of the ovulatory cycles monitored by ultrasonography was accompanied by an identifiable CL that was distinguished by the presence of echogenic tissue. Of the 11 monitored cycles, 7 were monovulatory, with 4 occasions of double ovulations on contralateral ovaries (in 3 females). All CL remained detectable on the ovary for an average of 13.2 6 1.1 days (range, 8-18 days) postovulation. Although excreted estrone conjugate concentrations generally were elevated during the 5-to 11-day preovulatory interval, variability 
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occurred with no clear link to follicle number or size. By contrast, progesterone metabolite profiles reliably followed ultrasonography observations of CL formation, with initial concentrations rising within 48 h after ovulation (Figs. 2 and  3) .
Although there were minor fluctuations in excreted estrone conjugate in 2 female onagers that were prepubertal at study onset, progesterone patterns remained at nadir until the first apparent ovulation (in July) at 33.5 and 25 mo of age, respectively. Pubertal ovulation was preceded by an approximate twofold increase in baseline excreted estrogen. After we detected this initial ovulation, both females were placed with a male and conceived on the next cycle (affirmed by fetal detection via ultrasonography).
Gestational and Lactational Endocrinology
Three onagers experienced an entire gestation (n ¼ 3; at 348, 325, and 321 days, respectively), and another with unknown breeding date arrived at our facility 22 days before giving birth. Urinary hormone metabolite data clearly revealed that estrone conjugate concentrations increased above estrual levels by 90 days postbreeding or AI (Fig. 4A ) and remained two-to 1000-fold above baseline throughout gestation, until falling to nadir 1 day before parturition (Fig. 4, A and B) . Progesterone patterns during gestation increased two-to threefold above luteal levels beginning 120 days into gestation and were ten-to 60-fold higher than during the cycle at ;30-60 days before birth (Fig. 4) . Progesterone metabolite excretion remained elevated on the day of parturition (Fig. 4, A and B) .
Of the four onagers whose hormone levers were monitored while nursing foals, two experienced obvious ovarian suppression during 14 ( Fig. 4B) and 11 (Fig. 4C ) mo lactational intervals, respectively, with normal ovarian metabolite production resuming within 6 wk of weaning foals. Another female demonstrated two consecutive ''breakthrough'' normal duration estrous cycles (June and August) 12 mo after giving birth while nursing a yearling foal (Fig. 4D ).
Male Reproductive Traits and Sperm Cryosensitivity
Because of the sample size, we did not attempt to examine seasonal variations in sperm production; however, high-quality (at least 1000 3 10 6 motile sperm/ejaculate) spermic ejaculates were collected in all four seasons (see below). Ultrasonography of anesthetized males revealed the presence of paired ampullae and bulbourethral glands, a bilobed prostate, and vesicular glands. There were no differences (P . 0.05) between the volumes of the left versus those of the right testis, with each averaging 154.4 6 7.9 cm 3 per testicle, for an overall combined testis volume of 308.8 6 23.5 cm 3 . One male was cryptorchid, with a compensatory testicular volume of 246.3 cm 3 , or 59.5% larger than the average volume of a single testicle in other males. Five of 7 males produced high-quality spermic ejaculates (8 of 14 collections; 57% success) containing a total of at least 100 3 10 6 motile spermatozoa. Of the 2 males failing to produce spermatozoa, 1 was .15 yr of age (n ¼ 2 attempts) with evidence of testicular fibrosis (presence of echogenic, fibrous tissue detected by ultrasonography). The other (n ¼ 3 attempts) had an enlarged prostate and blood cells in the electroejaculate (hemospermia). One donor was 2 yr of age at study onset and initially produced aspermic ejaculates until a high-quality electroejaculate (1.7 billion motile sperm) was produced at age 3 yr.
Persian onager electroejaculates generally were 10-30 ml in volume and slightly alkaline in pH (mean, 8.2) with a narrow a Excluding one high quality spermic ejaculate from a fifth male that was used immediately for artificial insemination.
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range of osmolality that averaged 300 mOsm (Table 2) . When ejaculates were spermic, there were prodigious numbers of spermatozoa with high total motility (!75%) and progressive motility (!60%) ratings. With one exception, each electroejaculate was composed of more than 1 billion spermatozoa. The cryptorchid male also produced (n ¼ 3) high-quality ejaculates (.75% motility, 84-6700 3 10 6 sperm/ejaculate). High sperm motility in all samples was maintained or improved after dilution in INRA96 (Table 2 ). More than 80% of onager spermatozoa in raw ejaculate had an intact acrosome (Fig. 5A) with only 8% having a head, midpiece, or flagellar malformation (Fig 5, B-F; Table 2 ). Of the overall 77% sperm pleiomorphisms, 69% of these cells had a retained cytoplasmic droplet (Fig 5, C and D; Table 2 ).
Using the above-described protocols, we found onager spermatozoa were resilient to cooling, freezing, and thawing. Immediately upon thawing, overall sperm motility ratings were .50% and only ;15% less than in fresh (unfrozen) controls, whereas .80% of thawed cells retained an intact acrosome (Table 3 ). There was no influence (P . 0.05) of supplementing the cryodiluent with L-glutamine on any metric (data not shown). There were gradual declines in sperm motility and acrosomal integrity with culture interval, with values at 24 h postthawing being different (P , 0.05) than at Time 0 (Table  3) . Incubating thawed spermatozoa at 218C versus 378C had no influence on sperm motility traits through the first 3 h of incubation. However, culturing at the lower temperature retained some sperm total (30%) and progressive (20%) motility at 24 h compared to maintenance at the higher temperature (0%, 0%, respectively; P ¼ 0.06). Sperm incubation temperature had no effect (P . 0.05) on acrosomal integrity (data not shown).
Ovulation Induction and AI
Two of the 3 females designated for AI (SB# 601, 804) developed a 25-mm dominant follicle before receiving deslorelin treatment. The third female (SB# 755) ovulated prematurely (as determined by ultrasonography) during the first cycle, when the dominant follicle was 21 mm, and during the second cycle in the presence of a 20-mm follicle. As a result and for this female only, we modified the protocol to administer deslorelin when a 19-mm follicle was detected in the third cycle. Based on the presence of a fresh CL, SB# 601 SCHOOK ET AL.
and 804 ovulated 24-48 h after deslorelin injection, and each was inseminated with thawed spermatozoa. Female SB# 755 was inseminated twice (once with fresh and again with chilled sperm from the same ejaculate) at 24 and then 48 h after deslorelin, respectively. Based on detection of a fresh CL, ovulation occurred from 48 to 72 h after deslorelin administration. Figure 6 shows the urinary estrone conjugate and progesterone profiles before and after AI in the 3 recipients, 2 of which (SB# 755, 804) became pregnant. Female SB# 601 produced a rise and fall in progesterone metabolites that was blunted in both peak concentration and duration compared to other cycles after AI, indicating an insufficient luteal response after ovulation (Fig. 6A) . In both pregnant females, there was a clear, transient decrease in excreted progesterone at 20 days postinsemination, followed by a progesterone rebound by 27-29 days and then markedly elevated estrogen conjugate excretion (Fig. 6, B and C) . Females SB# 755 and 804 experienced gestations of 348 and 325 days, respectively, resulting in the natural birth of a healthy female and male foal, respectively (Fig. 7) .
DISCUSSION
This is the first description of the reproductive physiology and life history of the Persian onager, an animal that is rarer in numbers than ''iconic'' endangered species like the giant panda, mountain gorilla, or black-footed ferret [10] . In situations as we encountered here, there are enormous opportunities for reproductive physiologists to collaborate with animal managers to help declining populations rebound to a self-sustaining status. Our strategy for the onager was to gather A) The female ovulated after AI, based on the presence of a corpus luteum detected by ultrasonography, but then produced an abbreviated luteal phase. B and C) These females conceived with the use of frozen-thawed or fresh/chilled sperm, respectively, and produced live foals. Note the episodic decrease in excreted progesterone in both pregnant females (B and C) at 20-30 days post-AI (horizontal black bars).
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sufficient animals to characterize the fundamental reproductive biology of the female and male and then use resulting new knowledge to test the feasibility of assisted breeding. Our ultimate focus was on AI, largely because the greatest challenge to creating a sustainable population is dealing with onagers living in geographically dispersed locations. This species is sensitive to acute stressors [46] such as animal transport. Therefore, the ability to produce offspring by transporting semen (rather than the animals themselves) could improve reproductive efficiency while maintaining heterozygosity to preserve species integrity. We determined that using a combination of noninvasive and direct, hands-on evaluations as well as specialized animal handling facilities provided enough physiological information to allow successful AI and offspring production. Our approach also benefited from a detailed examination of the studbook, a rich source of untapped information based on historic breeding and management experiences.
Overall, we learned that female onagers have a reproductive life span of ;20 yr that is seasonal and can be tracked by urinary progesterone, but not estrone conjugate, monitoring and by rapid ultrasonography in a restraint device. Ovarian follicle size appeared to be an accurate indicator of impending ovulation. Although double ovulations within a cycle were not unusual (observed in 36.4% of cycles), historical data revealed a ,4% incidence of twinning (all with 100% mortality). Elevated urinary estrone conjugates were a reliable indicator of pregnancy in the Persian onager, similar to a previous report for the Przewalski's horse [9] . Following normal gestations of 321-348 days and parturition, hormonal monitoring revealed that lactating/nursing females experienced protracted ovarian acyclicity for up to 1.5 yr. Meanwhile, healthy adult males could be stimulated via electroejaculation to produce spermic ejaculates on .55% of occasions. Onager ejaculate contained billions of sperm with robust motility and intact acrosomes with morphology defects almost exclusively oriented to immature cell forms (i.e., a retained cytoplasmic droplet). Onager spermatozoa appeared resilient to cooling, freezing, and thawing protocols developed earlier for the domestic horse and donkey. Last, the biological viability of fresh and thawed sperm was demonstrated by the births of live foals after AI, the first wild equid offspring ever produced by this assisted breeding approach.
A comparative evaluation of findings in the onager to those in other equids revealed interesting similarities and differences. The seasonal pattern of cyclicity (June-October) for female onagers was similar to those reported for the domestic horse [19] and ass (in tropical climates [47] ). In contrast, female zebras living in zoos or the wild cycle and give birth year round [48] . Seasonality in the domestic horse is largely controlled by day length (extended daylight advances breeding season onset [49] ), although genetics [50] and availability of food resources [51, 52] also are influential. Our onager population always was exposed to adequate dietary needs yet still tended to cycle more during seasons of longest day length. Even so, the studbook for the species [12] confirmed births of surviving foals in all months of the year except March. Therefore, although our evaluation of 11 females indicated periods of acyclicity, the suppression was not so protracted or unambiguous to prevent ovulations (and conceptions) from occurring throughout the year.
The 25-day ovarian cycle for the onager was similar to the 23-to 30-day periods reported for the domestic ass [53, 54] and the 25 days for the Przewalski's horse [8] , which are all longer than the 21-day cycle for the domestic horse [19] . However, the latter species is well known for variability in duration of its follicular phase [55, 56] . In this respect, the onager is similar because ultrasonography revealed dynamic follicular growth patterns and multiple follicular waves as the cycle progressed, which no doubt, contributed to the observed fluctuating estrogen patterns. The size of the dominant follicle in the onager (26 mm in diameter) was smaller than the 30-to 45-mm follicles reported in the domestic horse [19] , ass [54, 57] , Przewalski's horse [8] , and zebra [4] . The 36% incidence of double ovulations in the onager was similar to the upper limit reported for the domestic ass (42%) [53, 54, 57] but higher than the 7%-20% for the domestic horse [23] or 22% for the Przewalski's horse [8] . Unlike the uninformative urinary estrogen patterns, progesterone profiles were indicative of ovulation and luteal phase interval in the onager. The transient decline and rebound in excreted progesterone in the first month of pregnancy also has been observed in the domestic horse, which appears to reflect a resurgence in primary CL activity due to systemic production of equine chorionic gonadotropin [58] . The duration of gestation in the onager (321-348 days, from studbook data and animal observations) was variable but less so than the highly variant intervals reported in the domestic horse (305-405 days [59] ), donkey (331-421 days [60, 61] ), and zebra (351-438 days [48, 62] ). While the cause for these inconsistent pregnancy durations is unknown, we noted a gestation length of only 321 days for a female breeding late in the season (October) compared to 348 days for an animal that mated in July. Pregnancy duration also is known to be shorter in domestic donkeys that conceive later in the breeding season [61] . In terms of puberty, female onagers were similar to the zebra [48] , where first reproductive activity generally occurs from 2 to 3 yr of age, and different from the domestic horse [23] and donkey, in which sexual reproductive ability occurs at 1 to 2 yr [53, 60] . Perhaps the later onset of puberty in the onager was related to the capacity of two of our females to conceive almost immediately after initiating ovarian cyclicity.
More than 90% of domestic horses nursing foals ovulate within 20 days of parturition; therefore, lactational anestrus does not exist as a normal physiological condition in mares [63] . Prolonged (!60 days) lactational anestrus appears to occur only in ;18% of females that breed and foal earlier or later than the natural season (April-September), most often after artificial light manipulation [64, 65] . Therefore, the pronounced suppression of ovarian activity (up to 1.5 yr) in our cohort of lactating onagers was unanticipated. Follicular development and ovulation are not always inhibited immediately postpartum as some female onagers mate at a foal heat within 30 days of giving birth [66] . There is evidence from examining the ovaries of wild, culled Hartmann's zebras (Equus zebra hartmannae) [4] that perhaps failure to become pregnant at first postpartum estrus increases the incidence of a protracted lactational anestrus. It also is likely that the difference between domesticated and wild equids in incidence of ovarian quiescence after giving birth is an evolutionary adaptation to energy availability. Because lactation demands energy, it naturally is advantageous to space out reproductive events while attempting to survive in nature. It was noteworthy that one of our studied onagers experienced two ''breakthrough'' cycles in the breeding season following parturition (the first at ;364 days after giving birth). Although there is a paucity of information on what triggers resumption of ovarian activity during or at the end of lactation in any equid species, it is known in cattle and pigs that the suckling stimulus itself can inhibit GnRH pulsatility and, thus, reinitiation of estrus [67, 68] . We suspect the observed breakthrough estrual periods in the onager were related simply to gradually declining nursing frequency by the aging (yearling) foal.
Our primary male metrics were testis size and sperm production/quality in response to electroejaculation. Testis volume has been correlated to total sperm output in the domestic horse [37] . Average volume in the Persian onager (300 cm 3 ) was comparable to those of the domestic horse [69] and donkey [70] and more than twofold greater than that reported for the Cape Mountain zebra (135 cm 3 ) [3] or Przewalski's horse (150 cm 3 ) [7] . These marked species variations in testis size may be related to inherent differences in mating system. For example, the onager has a fission-fusion approach that involves females wandering in and out of territories defended by males [71] . By contrast, the male Cape Mountain zebra and Przewalski's horse maintain and defend intact harems of females [3, 71] . We did observe one incidence of cryptorchidism in the onager that was associated with testicular size and sperm production compensation, as has been reported for the domestic [72] and Przewalski's [7] horse. The single testis of the cryptorchid onager was 1.7-fold greater in size than the single testis average, and this male produced more than 6 billion sperm in the ejaculate (the highest total number in our study).
Sperm were recovered during slightly more than half the electroejaculation attempts in anesthetized onagers. Variance in electroejaculate quality is not unusual within a species or even within an individual over time. The most significant finding probably was that spermic ejaculates could be recovered throughout the year, indicating that the male onager (unlike the female) did not appear reproductively seasonal. Total numbers of sperm per onager electroejaculate also were comparable to values reported using a similar recovery approach in the Przewalski's horse [7] and Grant's zebra [73] , suggesting perhaps little difference in sperm production among wild equids. Seminal volume, pH, and osmolality metrics for the onager were analogous to data presented earlier for the domestic horse [74, 75] and ass [76, 77] , where an artificial vagina was used. Onagers also were similar to the Przewalski's horse [7] in producing prodigious numbers of spermatozoa with residual cytoplasmic droplets, with the former producing ;41% more of this morphotype than the latter. Heise et al. [78] and Matousek and Kysilka [79] have suggested that certain components of seminal vesicular fluid, such as phospholipidbinding protein, facilitate removal of the cytoplasmic droplet from the spermatozoon during natural ejaculation. Electroejaculation as an ''artificial'' process may disrupt or alter the ratio of vesicular fluid or exposure time to total ejaculate volume, thereby increasing droplet retention. Regardless, because offspring were produced by AI with ejaculate containing high proportions of spermatozoa with retained droplets, a prevalence of this morphotype appeared to have minimal influence on fertility.
Because we observed relatively high postthaw sperm motility and acrosomal integrity, including in cells cultured for 24 h, it appeared that onager spermatozoa were resilient to the stresses associated with dilution, cooling, freezing, and storage in liquid nitrogen. Trimeche et al. [27] reported that supplementing cryodiluent with L-glutamine helped safeguard donkey spermatozoa by preserving lactate and alcohol dehydrogenases that stabilized cell membranes and maintained mitochondrial respiration. We observed no such advantage in the onager and found that EQ medium alone provided sufficient protection to allow these sperm to survive cooling, freezing, and thawing. Sperm motility postthaw (.60%) and proportion of intact acrosomes (.80%) for the onager were comparable (or better) than that reported using a similar approach for domestic ass spermatozoa [26, 27] . Maintaining onager spermatozoa in vitro at physiological temperature (378C) also was contraindicated, likely due to high sperm metabolism that rapidly depleted energy stores to eliminate motility [80] . Rather, managing diluted spermatozoa at 228C was advantageous for sustaining a thawed sperm aliquot prior to AI.
The first domestic horse foal was produced by AI with thawed spermatozoa in 1957 [81] , and 52 years later, the same has occurred in a wild equid, the onager. This required preemptively assembling information in a multidisciplinary study of female and male onagers and then applying that knowledge in an AI feasibility trial. Similar to a report for domestic asses [82] , deslorelin was effective in triggering ovulation as part of a timed AI protocol, and two of three attempts (one using fresh/chilled and the other thawed sperm) resulted in normal gestations and term births. Production of a foal from cryopreserved semen was especially important as it REPRODUCTION IN THE PERSIAN ONAGER demonstrated how sperm cryobanking could be useful for transferring germplasm among geographically dispersed individuals and for preserving genetic diversity to avoid inbreeding [83] , which is a primary goal of endangered species recovery programs [30] . The usual target is to conserve 90% gene diversity for the next 100 yr. However, of the 245 mammalian species managed for this reason in North American zoos, only 13 meet criteria for sustained reproduction and genetic diversity; 96 of these programs have total collections of ,50 individuals [84] . Therefore, more tools and collaborations are needed, including in global cooperation [16, 30] .
Clearly, as shown from our results and discussion here, the equids as a taxon express almost as many variations in reproductive phenotype as the number of species themselves. Of course, species specificity in reproductive form and function has been demonstrated for other taxonomic groups [31, 85] . However, reproductive variability in equids is especially pervasive [55] , no doubt related to their widespread geographic distribution and need to adapt to natural ranges and resources required for survival. Thus, the highest priority continues to be performing basic characterization studies of reproductive norms for the members of this inadequately studied taxon. After all, beyond the domestic horse, there are seven species and 17 subspecies of equids on the planet, of which, five species (71%) and nine subspecies (53%) are formally recognized as vulnerable or endangered [10] . Thus, significant scientific challenges and opportunities remain.
